mice heterozygous for Trp53 develop a high proportion of spontaneous mammary tumors, a phenotype distinct from other mouse strains. BALB/c-Trp53 þ / À female mice, thus, resemble the hereditary Li-Fraumeni syndrome (LFS) characterized by earlyonset of breast cancer, even though LFS involves TP53 mutations, which may involve not only loss-but also gain-of-function. Previous analysis of tumors in BALB/c-Trp53 þ / À females showed frequent loss of heterozygosity involving the wild-type allele of Trp53 and displayed characteristics indicative of mitotic recombination. Critical involvement of DNA double-strand break (DSB) repair dysfunction, particularly of homologous recombination (HR), was also noticed in the etiology of human breast cancer. To better define functional alterations in BALB/c-Trp53 þ / À mice, we applied a fluorescence-based DSB repair assay on mouse embryonic fibroblasts (MEFs) from BALB/c-Trp53 þ / À versus C57BL/6J-Trp53 þ / À mice. This approach revealed deregulation of HR but not non-homologous end-joining (NHEJ) in BALB/c-Trp53 þ / À , which was further confirmed for mammary epithelial cells. Screening of a small interfering RNA-library targeting DSB repair, recombination, replication and signaling genes, identified 25 genes causing differences between homologous DSB repair in the two strains upon silencing. Interactome analysis of the hits revealed clustering of replication-related and fanconi anemia (FA)/breast cancer susceptibility (BRCA) genes. Further dissection of the functional change in BALB/c-Trp53 þ / À by immunofluorescence microscopy of nuclear 53BP1, Replication protein A (RPA) and Rad51 foci uncovered differences in crosslink and replication-associated repair. Chromosome breakage, G2 arrest and biochemical analyses indicated a FA pathway defect downstream of FancD2 associated with reduced levels of BRCA2. Consistent with polygenic models for BRCA, mammary carcinogenesis in BALB/c-Trp53 þ / À mice may, therefore, be promoted by a BRCA modifier allele in the FA pathway in the context of partial p53 loss-of-function.
INTRODUCTION
Cells from Li-Fraumeni syndrome (LFS) patients have been shown to accumulate chromosome instabilities. 1 More recently, highresolution genome-wide Single Nucleotide Polymorphism (SNP)-chip-analysis revealed excessive copy number variations, particularly loss of heterozygosity (LOH), at various loci in the genome of peripheral blood lymphocytes among carriers of germline TP53 mutations with a further increase in mutation carriers affected with cancer. 2 Copy number variations occur 100-10 000 times more frequently than point mutations in the human genome, and are, therefore, particularly relevant for tumorigenesis. 3 Non-allelic HR processes give rise to copy number variations, which is consistent with observations in mice and mouse embryonic fibroblasts (MEFs), indicating that p53 is haploinsufficient for suppression of mitotic recombination events. 4, 5 Biochemical and cell-based studies further demonstrated that p53 suppresses HR, particularly between short stretches of homologies, thereby causing a shift to low-fidelity processes upon inactivation. 6, 7 Inherited mutations in DNA double-strand break (DSB) repair genes that predispose to breast cancer (for example, BRCA1, BRCA2/FANCD1, BRIP1/FANCJ, PALB2/FANCN and RAD51C/FANCO) identify the vulnerability of this pathway in breast carcinogenesis. Therefore, impaired suppression of HR in LFS patients appears causally linked to breast carcinogenesis, the most common tumor in women with inherited mutations in TP53. 8 In mice, heterozygous mutations in the gene encoding p53 (designated Trp53) also predispose to tumors, but the prevalence of tumors differs greatly among strains. While lymphomas are prevalent regardless of genetic background, spontaneous mammary tumors are only observed in BALB/c-Trp53 þ / À mice. locus on the X-chromosome. 12, 13 These results demonstrate the multigenic nature of the predisposition to mammary tumors that interact with p53 deficiency. Conversely, the pathways present in C57BL/6 mice compensate for the haploinsufficiency in Trp53 rendering mice resistant to mammary tumors, but not tumors in other tissues.
Given the prominent role of DSB repair in heritable breast cancer, these pathways provide a plausible target for the differences in susceptibility to mammary tumors observed among strains of rodents. 14 As mutations in the p53 pathway remain one of the most common genetic alteration in sporadic breast cancers in women, 15 pathways that interact with p53 and can complement p53 insufficiency would be valuable therapeutic targets. Therefore, a small interfering RNA (siRNA) screen of DSB repair pathways was undertaken to examine potential differences in DNA repair among C57BL/6 and BALB/c mice in the context of haploinsufficiency for p53. The results identify key targets within fanconi anemia (FA) and BRCA complexes, as well as genes involved in DNA replication and repair. Although these functional clusters contain many genes, the siRNA screen identifies those that are most likely ratelimiting, and thus, most sensitive to disruption or to therapies to restore function. Functional assays demonstrated delays in the processing of DSBs in BALB/c mice that are similar to those observed in FA patient cells. Therefore, these results identify interactions between p53 loss and low-penetrance defects in the FA pathway, which predispose to breast cancer.
RESULTS

Comparative DSB repair analysis
To understand whether early-onset of mammary tumors in BALB/cTrp53 þ / À mice is associated with DSB repair deregulation as had been observed in primary cells from individuals with hereditary breast cancer risk, 16 we compared DSB repair in primary cells derived from BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À mice. To this end we transfected MEFs with EGFP-based DSB repair substrates comprising a recognition site for endonuclease I-SceI, together with I-SceI expression plasmid for targeted cleavage. We applied substrates EJ-EGFP and DEGFP/3 0 EGFP enabling detection of repair changes in high-risk individuals. 16 In substrate EJ-EGFP, the I-SceI site is flanked by 5 bp microhomologies, enabling in-frame reconstitution of EGFP by microhomology-mediated NHEJ (Figures 1a and b) . D-EGFP/3 0 EGFP was designed for analysis of homologous repair between internally mutated D-EGFP and 5 0 -mutated 3 0 EGFP. When monitoring EGFP-reconstitution by fluorescence activated cell sorting (FACS) analysis (normalized with transfection efficiencies, see Materials and methods), we observed that homologous repair was twofold (P ¼ 0.0049-0.0057) more active in BALB/c-Trp53 þ / À than C57BL/6-Trp53 þ / À MEFs, whereas mean NHEJ frequencies showed no significant difference (P ¼ 0.8421, see Figure 1a , Supplementary Figure 1A) . As homologous DSB repair frequencies did not show statistically significant differences between C57BL/6-Trp53 þ / À and Trp53 þ / þ MEFs, but were elevated in BALB/c-Trp53 þ / À versus Trp53 þ / þ MEFs (data not shown), these results indicate that homologous DSB repair is restrained in C57BL/6 even when Trp53 þ / À , but derepressed in BALB/c-Trp53 þ / À . BALB/c mice are moderately sensitive to ionizing radiation and show reduced repair of radiation-induced DSBs, which seems to be causally linked to two polymorphisms in the Prkdc gene encoding DNA-protein kinase (PK)cs, 17 a central component of the canonical NHEJ pathway. Therefore, we investigated potential indirect effects of DNA-PK deficiency on homologous repair. For that purpose we treated BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À MEFs with the DNA-PK inhibitor NU7441 under conditions compromising removal of radiation-induced DSBs in MEFs. 18 DSB repair measurements showed that NU7441-treatment Figure 1B) . For comparison, treatment with the ataxia telangiectasia mutated (ATM) and ATM and Rad3-related (ATR) inhibitor caffeine differentially affected homologous repair in MEFs from the two strains, causing a pronounced inhibition in C57BL/6-Trp53 þ / À (P ¼ 0.0022) compared with BALB/c-Trp53 þ / À cells (P ¼ 0.1320), whereas specific ATM inhibition by KU-55933 had a small effect on both C57BL/6-Trp53 þ / À (P ¼ 0.0022) and BALB/c-Trp53 þ / À cells (P ¼ 0.0411). When comparing frequencies between the strains, only caffeine treatment induced a statistically significant difference (P ¼ 0.0043). These data suggested that increased homologous repair in BALB/c-Trp53 þ / À MEFs is unlikely to be a consequence of the DNA-PK impairment and rather affects a pathway controlled by ATM and/or ATR.
siRNA screening and bioinformatic analysis of target genes To identify the molecular basis for enhanced homologous repair in BALB/c-Trp53 þ / À , we designed a siRNA-library targeting 148 genes encompassing subgroups related to the following activities: HR, single-strand annealing (SSA), NHEJ, excision and mismatch repair, DNA damage signaling, telomere length maintenance, polymerases, helicases and nucleases (Supplementary Table 1 ).
MEFs from BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À mice were co-transfected with gene-specific siRNA pools (four siRNA duplexes each), substrate D-EGFP/3 0 EGFP for homologous repair (HR and SSA) and I-SceI expression plasmid (Figure 1b) . LOH of the wtTrp53 allele was excluded by genomic PCR on the MEF pools. Knockdown and DSB repair in MEFs was allowed to progress for 48 h. Knockdown was verified by immunoblot analysis for two representative genes (Supplementary Figure 2A) and by Quantitative real-time PCR (qRT-PCR) for the screening hits (see Materials and methods and Supplementary Figure 2B) . Additionally, siRNA pools were compared with single siRNA duplexes for five representative genes to confirm that the effect of pooled siRNAs reflected the combined effect of the corresponding four single siRNAs (Supplementary Figure 3) .
Fourty-eight hours after transfection, EGFP-positive cells were quantified for calculation of DSB repair frequencies (individually normalized to transfection efficiencies determined for each siRNA pool separately). To account for day-to-day variations, we normalized screening data to our internal standard, that is, the mean frequency obtained with negative control siRNA. The results from two primary screening rounds in quadruplicates each were used to calculate differences between the mean values obtained with MEFs from BALB/c-Trp53 þ / À versus C57BL/6-Trp53 þ / À mice. Gene-specific differences reaching statistical significance (P-values o0.05 for 39 genes, see Supplementary Table 1) were validated in a rescreen, enabling selection of 25 hits with highly significant differences (P-values o0.001, Figure 1c and Table 1) .
Knockdown-induced differences between the strains amounted up to B50% of the control values (Figure 1c ). Log2 ratios of these DSB repair frequency differences were calculated as follows: log 2 (normalized DSB repair frequency (BALB/c-Trp53 þ /-))-log 2 (normalized DSB repair frequency (C57BL/6-Trp53 þ /-)), and the resulting values ranging between 0.39 and 0.75 used to assess the relative effect of the respective knockdown. Thus, in Figure 1c , the identified genes were sorted according to the differences in DSB repair frequencies (log2 ratios) caused by knockdown in BALB/cTrp53 þ / À versus C57BL/6-Trp53 þ / À MEFs. Interestingly, even though inactivation of homologous DSB repair components is expected to impair this pathway, downregulation of critical components such as Xrcc2 or Palb2 did not cause a decrease in homologous DSB repair in BALB/c-Trp53 þ / À cells, while downregulation was detected in C57BL/6-Trp53 þ / À cells. In fact, differences in DSB repair frequencies were mostly the result of decreases in homologous DSB repair in C57BL/6-Trp53 þ / À cells and/or increases in homologous repair in BALB/c-Trp53 þ / À cells. Notably, the increase in DSB repair is observed only when haploinsufficient for Trp53, which unmasks the lower fidelity repair in BALB/c.
Altogether, the siRNA screen identified 25 targets (Table 1) out of the 148 genes tested. The first-neighbor interactions among genes were mapped as shown in Figure 2 . The targets gathered into two clusters indicating alterations in DNA replication (polymerases) and DSB repair (FA and BRCA) in BALB/c-Trp53 þ / À MEFs. These two clusters were connected by HR proteins and the RecQ helicase BLM. Strikingly, 12 of these 25 hit genes have been connected to crosslink DNA repair processes in the literature (Table 1) . DNA damage processing monitored by immunofluorescence microscopy Radiation-induced DSBs can be repaired by different repair pathways, 19 whereas DSBs generated during crosslink repair are subject to HR exclusively. 20, 21 Having identified several crosslink repair proteins in the screen, we further dissected differences in the process of DNA damage removal after treatment with a crosslinking (mitomycin C, MMC) versus radiomimetic (bleomycin) drug. First, we visualized and quantified appearance and disappearance of DSBs by using antibodies against 53BP1, immunofluorescence microscopy and quantitative image analysis. Figure 3a shows that following MMC-treatment, BALB/cTrp53 þ / À MEFs displayed a sharp increase in 53BP1 foci numbers. This rise was not observed with C57BL/6-Trp53 þ / À MEFs, even though the same cells showed 53BP1 foci accumulation after bleomycin incubation (data scattering for 53BP1 in bleomycin-treated BALB/c-Trp53 þ / À MEFs might be related to their radiosensitivity). To initiate HR, broken DNA ends need to be nucleolytically processed, followed by protection of single-strand DNA by RPA coverage. 22 When we quantified RPA foci, we observed a significantly more pronounced accumulation 3-6 h after MMC incubation in BALB/c-Trp53 þ / À MEFs (Figure 3b) . Replacement of RPA with Rad51 on single-stranded DNA during Results from the siRNA screen are displayed in P-value order. Statistical significance was determined by the Mann-Whitney U-test. Fanconi anemia pathway defect in BALB/c mice M Bö hringer et al nucleofilament formation was monitored by Rad51 foci numbers, which were observed to be significantly higher in C57BL/6-Trp53 þ / À cells 1 h after MMC-treatment (Figure 3c ). Accumulation of Rad51 foci was noticeable also in BALB/c-Trp53 þ / À MEFs but was delayed. Crosslink repair is triggered by stalled replication forks. 21 Another mechanism causing replication fork arrest is pharmacological inhibition of poly(ADP-ribose)polymerase (PARP), presumably via the accumulation of unrepaired base damage at the fork, which is followed by conversion into DNA breaks and HR repair. 23 After PARP inhibitor(NU1025) treatment, we observed a significant increase of 53BP1 foci in BALB/c-Trp53 þ / À but not C57BL/6-Trp53 þ / À MEFs (Figure 3d ), suggesting that replicationassociated repair of DSBs is compromised in general in BALB/cTrp53 þ / À (not only after crosslinking). Comparative analysis of gH2AX foci indicated that after PARP inhibitor treatment foci accumulate in C57BL/6-Trp53 þ / À MEFs to a lesser extent than in BALB/c-Trp53 þ / À MEFs, qualitatively reflecting the corresponding 53BP1 foci result. The difference between NU1025-induced gH2AX foci in the two strains did not fully reach statistical significance (P ¼ 0.0571). This finding suggested that 53BP1 foci capture the critically different step, possibly DSB removal, during replication fork recovery better than gH2AX foci, which mark not only DSBs but also other DNA lesions, in particular stalled replication forks. 24 To validate our findings obtained with MEFs in mammary epithelial cells (MECs), that is, cells derived from the organ affected by breast cancer, we measured homologous DSB repair in MECs (Supplementary Figure 4) and performed immunofluorescence microscopic analysis following PARP inhibitor treatment of MECs exactly as in MEFs (Figure 3e ). The results demonstrate that homologous DSB repair in MECs from BALB/c-Trp53 þ / À is 3.8-fold elevated compared with C57BL/6-Trp53 þ / À (P ¼ 0.0055). After PARP inhibitor treatment, we observed significant increases of 53BP1 foci both in BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À MECs, however, to a significantly lesser extent in C57BL/6-Trp53 þ / À MECs compared with BALB/c-Trp53 þ / À MECs. Taken together, the results obtained with MECs confirmed our observations obtained with MEFs regarding a derepression of homologous DSB repair in BALB/c-Trp53 þ / À mice and exacerbated accumulation of DNA damage after replication arrest.
Functional analysis of the FA pathway Crosslink repair dysfunction is a hallmark of FA patient cells, and this feature is made use of in diagnostic patient classification via chromosome breakage analysis following crosslinker-treatment. 25 Cytogenetic analysis of MEFs at MMC concentrations of 0, 10, 50 and 100 ng/ml revealed a subtle increase of breakage events in BALB/c-Trp53 þ / À cells, as indicated by a lower percentage of BALB/c-Trp53 þ / À cells (66% þ / À 3) without any breaks after exposure to 10 ng/ml MMC compared with C57BL/6-Trp53 þ / À cells (75% þ / À 4), but mean values from three independent experiments did not fully reach statistical significance (P ¼ 0.0705, data not shown). Cell cycle analysis to detect a G2 arrest in response to crosslinker-treatment is another method, which more recently has successfully been applied to identify FA patients. 26 The results with murine MEFs revealed that G2-phase accumulation was more pronounced in cells derived from BALB/ c-Trp53 þ / À compared with C57BL/6-Trp53 þ / À mice without and after MMC-exposure (Figure 4 ). To exclude that the difference in G2-phase cells might simply reflect a difference in the rates of proliferation between the cell types, we determined BrdU incorporation in 3-4 independent experiments. The results showed that 57% þ / À 2 of BALB/c-Trp53 þ / À and 55% þ / À 1 of C57BL/6-Trp53 þ / À MEFs were BrdU-positive, without statistical significance of the 4% difference (P ¼ 0.1195). These results are consistent with a moderate FA pathway defect in BALB/cTrp53 þ / À . FA pathway components are subdivided into proteins involved in FancD2 and FancI monoubiquitylation and others acting downstream of that step, which more directly participate in HR repair. 20 To discriminate between these two possibilities, we performed immunoblotting specific for FancD2. We noticed the appearance of a more slowly migrating band, indicative of FancD2 ubiquitylation, after bleomycin treatment both in BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À MEFs (Figure 5a ). From this result, the two FA genes FancE and FancB, which were identified in the screen (Figure 1c , Table 1 ) and which are positioned upstream of FancD2 in the FA pathway, were unlikely to be altered in BALB/cTrp53 þ / À mice. However, the screening hit Palb2 is positioned downstream of FancD2. To determine whether a genetic change in Palb2 was causal to homologous repair deregulation in BALB/cTrp53 þ / À , we co-transfected MEFs with plasmid for expression of exogenous murine Palb2, substrate D-EGFP/3 0 EGFP and I-SceI expression plasmid (Figure 5b ). Palb2 expression in C57BL/6-Trp53 þ / À MEFs enhanced homologous repair 2.6-fold (P ¼ 0.0313), whereas the 1.6-fold increase in BALB/c-Trp53 þ / À MEFs was not statistically significant (P ¼ 0.1563). For comparison, we assessed the effect of expressing exogenous PALB2 in PALB2-deficient versus-proficient cells, namely in the PALB2-mutated patient fibroblast cell line EUFA1341 27 and the human fibrosarcoma cell line HT1080. Expression of human PALB2 in EUFA1341 cells raised the homologous repair frequency 4.7-fold (P ¼ 0.0039); the 3.2-fold rise in HT1080 cells was not statistically significant. The pronounced increase of homologous DSB repair in EUFA1341 but not BALB/c-Trp53 þ / À MEFs made it unlikely that lack of Palb2 functionality was causal to the homologous DSB repair phenotype in these MEFs. To understand whether downstream of Palb2, expression of the FANCD1/BRCA2 gene was differentially affected in the two MEF species, we performed immunoblotting and qRT-PCR experiments. Figure 6a shows that equivalent levels of homologous repair and signaling proteins like ATM, MRE11, RAD50, BLM, Palb2, or Rad51 were detected. Different from the other MRE11-RAD50-Nibrin complex components, Nibrin levels were 1. Note that C57BL/6-Trp53 þ / À cells contained B30% tetraploid cells, which were excluded from the calculation of cellular G2-phase fractions.
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MEFs, which might be explained by genotoxic stress due to a defect in replication-associated DNA repair in these cells (Figure 3d ). 28 Constitutive deregulation of Nibrin expression in BALB/c-Trp53 þ / À MEFs is unlikely, because it should correspondingly affect the levels of the other complex components MRE11 and RAD50. 28 Most strikingly, BRCA2 protein expression in BALB/c-Trp53 þ / À MEFs was less than half of the level in C57BL/6-Trp53 þ / À MEFs. mRNA levels of BRCA2 were similar in both cell types (Figure 6b ), suggesting that posttranscriptional processes differentially affected BRCA2 protein levels. To understand whether reduced BRCA2 protein contributes to the functional change in replication-associated HR in BALB/cTrp53 þ / À , we analyzed NU1025-induced 53BP1 foci formation following BRCA2 silencing in MEFs from the two Trp53 þ / À strains. The results are displayed in Figure 6c and show that after BRCA2 knockdown a statistically significant difference between 53BP1 foci numbers in BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À MEFs was indeed no longer observed (P ¼ 0.1143). 20, 26, 29, 30 In this study, we performed a siRNA screen to identify genes that differentially affect homologous repair in cells from BALB/c-Trp53 þ / À that are susceptible versus C57BL/6-Trp53 þ / À mice that are resistant to mammary tumors. Screening relied on repair measurements with an EGFP-based DNA substrate that was recently demonstrated to detect a repair increase in individuals with hereditary breast cancer risk. 16 The same substrate was also shown to detect HR-regulatory functions of p53 particularly well, because homologies within the two-mutated EGFP genes are o200 bp, a critical limit for HR fidelity control. 31 Our siRNA screen led to the identification of 25 genes, among which we identified partially overlapping groups of genes that had previously been linked with crosslink repair (11 genes), FA and BRCA1/2 (8 genes), translesion synthesis(six genes) and repair replication (five genes) ( Table 1) . The significance is supported by the fact that these groups are functionally connected and that the hits form a network of physical and functional interactions.
We did not identify even a single-gene belonging to the canonical NHEJ pathway. In particular, we did not identify DNAPKcs, even though downregulation of protein expression was verified (data not shown). Moreover, treatment of MEFs with DNA-PK inhibitor did not alter homologous repair frequencies, but the ATM/ATR inhibitor caffeine, which exerts control on homologous repair factors, 19 exerted significantly different effects on BALB/cTrp53 þ / À and C57BL/6-Trp53 þ / À MEFs. Therefore, we consider it unlikely that the reduced DNA-PKcs levels in BALB/c can explain the difference between homologous repair activities of the two strains. Measurements of microhomology-mediated NHEJ further excluded a major difference in the alternative NHEJ pathway. In conclusion, our results from DSB repair measurements and siRNA screening uncovered a difference in the homologous and crosslink repair pathways.
Crosslink repair can roughly be subdivided into the following sequentially occurring repair stages: replication fork pausing and damage signaling for activation of downstream repair and checkpoint proteins, incisions causing one-ended DSB formation, translesion synthesis, end resection and adduct removal, and Rad51-dependent HR. 20, 21 Here, we noticed accumulation of 53BP1 foci immediately after crosslinker-treatment in BALB/ c-Trp53 þ / À MEFs indicating accumulation of DSBs. We interpreted this result such that after fork stalling due to the crosslink, the initial incision step next to the crosslink was active in BALB/c-Trp53 þ / À MEFs, but removal of the resulting DSBs was delayed. 20, 21 Further supporting proficiency of endonucleolytic cleavage, we also failed to detect reduced FancD2 ubiquitylation, which occurs after cleavage and before end processing. 20 From this, we concluded that the crosslink repair pathway was compromised downstream of the incision step in BALB/ c-Trp53 þ / À MEFs. Single-strand DNA end formation was monitored by RPA foci analysis, which revealed accumulation of processed ends in BALB/c-Trp53 þ / À MEFs. These findings indicated that nucleolytic processing itself was not compromised.
However, further downstream Rad51 nucleoprotein filament formation was delayed and less productive, which could explain increased RPA foci numbers. Thus, the critical step discriminating the response of the different types of MEFs could either be adduct removal or Rad51 loading onto the DNA overhang. From the fact that we also observed 53BP1 accumulation in BALB/c-Trp53 þ / À MEFs and MECs after PARP inhibitor treatment, which causes replication fork stalling independently of crosslinks, 23 adduct removal by nucleotide excision repair proteins can be excluded, thus, leaving the possibility of deficient Rad51 filament formation in BALB/ c-Trp53 þ / À MEFs. Hits from our siRNA screen, which promote Rad51 filament formation and, therefore, were the best candidates for a BALB/ c-specific genetic alteration, were Palb2, Xrcc2, Xrcc3 and possibly the BRCA2-associated proteins Hmg20b and Rdm1, the latter one showing sequence similarity to Rad52 and involvement in the cellular cisplatin response. 20, 32, 33 Xrcc2 and Xrcc3 polymorphisms have been associated with breast cancer risk. 34, 35 Most recently, exome sequencing implicated a truncating Xrcc2 mutation in the pathogenesis of FA. 36 However, among the five above-mentioned genes PALB2/FancN has most convincingly been defined as both BRCA and FA gene. 26, 29 In support of subtle FA pathway dysfunction, BALB/c-Trp53 þ / À MEFs showed signs of elevated chromosome breakage and G2-phase accumulation after MMCexposure, that is, manifestations resembling hallmarks for FA patient diagnosis.
After silencing we would expect to see an activity decrease, if the silenced gene is required, but only a small effect, when an endogenous defect already affects the same gene or pathway. Focusing on corresponding screening hits for which we noticed 420% reduction in C57BL/6-Trp53 þ /-, but o10% frequency change in BALB/c-Trp53 þ / À MEFs, identified Palb2, FancE, RecQL, Acaca, Polymerase(Pol)e3, Hmg20b and FancB, that is, enriched FA/BRCA pathway components (Palb2, FancE, FancE) and associated factors (Acaca, Hmg20b)( Figure 1c , Table 1 ). Among those, we assigned the biggest DSB repair difference and the lowest P-value to Palb2. However, when we tried to rescue a potential Palb2 defect in BALB/c-Trp53 þ / À MEFs by expressing wild-type protein, we observed a smaller effect on homologous repair compared with C57BL/6-Trp53 þ / À MEFs. This result could be explained by a defect downstream of Palb2, and in agreement with this idea we observed significantly reduced BRCA2 protein levels in BALB/c-Trp53 þ / À . Consistently, PARP inhibitor-induced 53BP1 foci formation after BRCA2 silencing in MEFs from the two Trp53 þ /-strains indicated an effect of reduced BRCA2 protein levels on replication-associated HR in BALB/c-Trp53 þ / À . The fact that BRCA2 was not identified in the screen could be due to the fact that it is an essential gene, 37 and indeed, we frequently observed cytotoxicities 48 h after BRCA2-siRNA/plasmid DNA co-transfection. Comparison of qRT-PCR and immunoblot data indicated BRCA2 regulation at the post-transcriptional level. BRCA2 is known to be post-translationally modified 38 and complex formation with other proteins such as with Palb2 prevent destabilization. 39, 40 Therefore, numerous possible explanations for reduced BRCA2 levels in BALB/c-Trp53 þ / À remain and have to await further investigations.
FA proteins, including BRCA2/FancD1, act on replication restart at stalled forks. 20, 41 Consistent with defective HR-dependent recovery of broken forks in BALB/c-Trp53 þ / À cells, we noticed sharp accumulation of DSBs after PARP inhibitor treatment, a slight rise of cells in G2 even without treatment, and increased Nibrin protein levels. Partially compromised BRCA2 functions in combination with knockdown of one of the other hits of our screen involved in the bypass of lesions (translesion synthesis polymerases) or resolution of structural obstacles (BLM) may exacerbate replication stress in BALB/c-Trp53 þ / À cells, thereby triggering ATM/ATR-mediated activation of the homologous repair machinery. 20 Indeed, we observed an increase of homologous repair in BALB/c-Trp53 þ / À but not C57BL/6-Trp53 þ / À cells after knockdown of Polz subunit Rev7 (Mad2l2), Polk, PolZ, Pole or BLM. The same translesion synthesis polymerases have also been linked with crosslink repair. 21, 42 Moreover, polymerases and cofactors identified in our siRNA screen, such as Pole, its binding partner Paxip1, and Poldbinding protein Trex2 have a role in heteroduplex DNA extension during HR. [43] [44] [45] Interestingly, genetic variation in genes encoding Polz subunits associates with breast cancer risk. 46 Fanconi which is compatible with reduced BRCA2 levels in BALB/ c-Trp53 þ / À MEFs. Extensive end processing promotes a shift from high-fidelity HR to error-prone homologous repair processes, 47 which are major sources for genomic rearrangements, such as SSA between repeat sequences or long-tract gene conversion events associated with LOH. 48 Consistently, when using the very same homologous repair substrate as applied to our screen in this study on cells from breast cancer predisposed individuals carrying mutations in BRCA2, we measured a two-to threefold increase. 49 Therefore, we propose that increased homologous DSB repair in BALB/ c-Trp53 þ / À MEFs after knockdown of many of the hit genes including Palb2 was because of further stimulation of aberrant DSB repair due to additional deficiencies in the FA/BRCA pathway and/or due to additional replication stress signaling. Notably, Sy et al. 39 also observed HR increase rather than decrease after MRG15 knockdown causing reduced Palb2 and BRCA2 levels. These and further observations by other groups suggest that HR needs to be tightly controlled in terms of the BRCA2/Rad51 balance, to avoid both excessive and unscheduled HR events, as well as alternative error-prone homologous exchange mechanisms for maintenance of genomic stability. 22 Even though BALB/c mice carry a defect in the FA/BRCA pathway, additional loss of control by Trp53-heterozygosity appears to be necessary for deregulated homologous repair, as repair frequencies were indistinguishable between cells from Trp53 þ / þ mice of the two strains (not shown). p53 was previously shown to control Rad51-dependent HR 6, 7 and to have a role in crosslink repair. 50, 51 Therefore, it is conceivable that Trp53-heterozygosity combined with a subtle crosslink repair defect sums up to a significant deficiency in DSB repair. By extension, it is conceivable that reduced levels of the BRCA gene products p53 and BRCA2, or the absence of another factor X in the FA/BRCA pathway in combination with variants of modifier genes including DMBT1 52 reduce latency of mammary tumorigenesis in BALB/c-Trp53 þ / À mice. Complex tumorigenesis models integrating combined effects of low-penetrance modifier alleles and epigenetic changes, have led to a paradigm shift from singlegene genotyping to more comprehensive diagnostic tools such as functional analysis in biomarker research. 53, 54 Thus, BALB/cTrp53 þ / À mice not only represent a LFS, but additionally a complex breast cancer mouse model inspiring future studies for the assessment of the effects of various combined subtle defects in the DSB and crosslink repair family of genes on breast cancer predisposition and therapeutic responses.
MATERIALS AND METHODS
Mouse strains and cell culture BALB/c-Trp53 þ / À mice were generated as described previously 55 by backcrossing (C57BL/6 Â 129/Sv) Trp53 À / À mice onto the BALB/cMedstrain for 413 generations. MEFs were isolated from individual embryos at day 13.5 to allow confirmation of genotypes. Collagenase was used to obtain fibroblasts, which were maintained in alpha MEM supplemented with 10% FBS and b-mercaptoethanol until confluent. MEFs were frozen in pooled aliquots so that assays could be performed with cells at passage p3. EUFA1341 human fibroblasts 27 and HT1080 human fibrosarcoma cells were cultivated in high-glucose DMEM supplemented with 15% FBS and 2 mM L-glutamine. MECs from three mice were pooled for each set of experiments and cultivated on plates coated with Collagen I (ScienCell Research Laboratories, Carlsbad, CA, USA) and maintained in EpiCult-B medium (StemCell Technologies, Sirocco, France) containing 10 ng/ml mEGFP (Sigma, Deisenhofen, Germany), 10 ng/ml human basic fibroblastic growth factor (Sigma), 4 mg/ml Heparin (Sigma), 5 mg/ml Insulin (Sigma), 1 mg/ml Hydrocortisone (Sigma) and 10% FBS up to passage 3. Cells were routinely tested negative for Mycoplasma contamination.
DSB repair assay and plasmid construction Cells were transfected with a mixture containing FugeneHD (Roche, Penzberg, Germany) and either repair plasmid D-EGFP/3 0 EGFP or EJ-EGFP (Figure 1a) , 31 pCMV-I-SceI (I-SceI expression), and filler plasmid pBS. For expression of human PALB2, we additionally included POZ-PALB2. 27 The murine Palb2 expression construct DIRES-Palb2 was prepared by PCR amplification of overlapping fragments of the Palb2 mRNA (nucleotides 28-1671 and 1331-3720) from mammary glands of C57BL/6 mice. The complete open reading frame was cloned into the pIRES-hrGFP II vector (Agilent Technologies, Santa Clara, CA, USA). The IRES-GFP sequences were deleted in the construct used for DSB repair assays.
For assessment of transfection efficiency pBS was replaced with wtEGFP expression vector (based on D-EGFP/3 0 EGFP backbone) in split samples. Twenty-four hours post-transfection, the percentage of green fluorescent cells was assessed on a FACSCalibur (BD Biosciences, Heidelberg, Germany) with 488 nm laser excitation and detection of gated live cells (SSC/FSC dot plot) in the FL1/FL2 channels (Figure 1b) . 31 To verify that the results obtained upon split sample transfection are comparable with the ones for co-transfection with a fluorescing reporter plasmid, we measured homologous DSB repair in MEFs under both conditions (Supplementary Figure 1A) . Split sample transfection with wtEGFP expression vector confirmed the twofold increase in the homologous DSB repair frequency Figure 1a . Measurements of homologous DSB repair frequencies upon mCherry expression vector (pmCherry-N1 from Clontech, Heidelberg, Germany) co-transfection confirmed more active homologous DSB repair in BALB/c-Trp53 þ / À MEFs. However, frequencies normalized for mCherry were lower for both strains thereby reaching the detection limit with MEFs from C57BL/6-Trp53 þ / À .
The following drugs were added 1 h pretransfection: KU-55933 (ATM, KuDOS Pharmaceuticals, Cambridge, UK), NU7441 (DNA-PK, KuDOS) and caffeine (ATM/ATR, Sigma-Aldrich, Deisenhofen, Germany). Transfection efficiencies in a typical experiment as depicted in Supplementary Figure 1B pCMV-I-SceI, pBS). To determine transfection efficiencies, pBS was replaced with wtEGFP plasmid. 48 h post-transfection cells were analyzed for EGFP-positivity by flow cytometry. siRNAs were used as pools of four target gene-specific siRNA duplexes (HP GenomeWide siRNA design by Qiagen, potent knockdown guaranteed for X2 individual siRNAs) during all screening rounds. Single siRNA duplex was used only in control experiments in Supplementary Figures 2A and 3 . Non-silencing siRNAs served as negative controls (AS). GFP-specific siRNAsilenced GFP expression down to 1%.
Screening procedure and data evaluation
The screen was performed twice for each target-specific siRNA pool (Supplementary Table 1 for genes, log 2 ratios and P-values; Supplementary Table 2 for siRNA sequences) with four independent transfections for repair and two transfections for wtEGFP controls each. For calculation of DSB repair frequency, the percentage of fluorescent cells in the individual sample was corrected for the transfection efficiency (wtEGFP samples) and then normalized to the mean frequency obtained in parallel samples with non-silencing siRNA. Statistical significance was calculated with nonparametric Mann-Whitney U-test (GraphPad Software, Inc., San Diego, CA, USA). To score differences in BALB/c-Trp53 þ / À versus C57BL/6-Trp53 þ / À MEFs, normalized repair frequencies were subjected to logarithmic transformation to the base two and inserted in the formula: ratio of DSB repair frequency difference ¼ log 2 (normalized DSB repair frequency [BALB/c-Trp53 þ /-])-log 2 (normalized DSB repair frequency [C57BL/6-Trp53 þ / À ]).
Integration of efficiency of repair with protein interactions
The human protein interactome was built with data downloaded from the NCBI database 13, February 13 (ftp://ftp.ncbi.nih.gov/gene/GeneRIF). Interactions were formatted in the Cytoscape readable simple interaction format and loaded into Cytoscape. 56 For the siRNA targets that showed differences in repair activities in BALB/c-Trp53 þ / À versus C57BL/6-Trp53 þ / À MEFs (Table 1, Po0.01), the mouse Gene IDs were converted from Mouse Entrez Gene IDs to Human Entrez Gene IDs (HomoloGene Build 65; ftp://ftp.ncbi.nih.gov/pub/HomoloGene/build65/) and mapped onto the protein interactome. The log 2 gene expression ratio between the two strains (BALB/c:C57BL/6) was overlayed onto the interactome to integrate expression data generated in the current study with protein interaction data from the NCBI database.
Trp53 LOH analysis
To verify maintenance of the heterozygous Trp53 genotype, genomic DNA was extracted from MEFs grown in parallel to cells used in the screen (Figure 1b) following the Fermentas Molecular Biology Tools protocol. Genomic DNA was used in multiplex PCR specific for the wild-type or mutant Trp53 locus. 55 Quantitative real-time PCR
In order to confirm knockdown of target genes by co-transfection with siRNA, qRT-PCR was performed 24-48 h post-transfection. Total RNA was extracted with RNeasy-Mini-Plus-Kit and reverse transcription carried out with QuantiTect-Reverse-Transcription-Kit (Qiagen). qRT-PCR on cDNA samples was carried out in triplicates on an ABI-Prism-7700-Gene-Analyzer (Applied Biosystems, Carlsbad, CA, USA) using QuantiTect-SYBR-Green-PCR-Kit and gene-specific reverse and forward primers (QuantiTect-PrimerAssay). We examined mRNA downregulation for the 25 hit genes from Figure 1c and Table 1 , but failed to confirm knockdown for Usp1, Hmg20B and FancB, likely due to accelerated cell death that we reproducibly observed in these knockdown cultures (data not shown). For the hit genes Xrcc2, Palb2 and Acaca from the FA/BRCA cluster and for BRCA2, we calculated cDNA levels relative to a standard curve as displayed in Supplementary Figure 2B and Figure 6b .
Chromosome breakage, cell cycle analysis
MEFs from BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À mice were grown in Amniopan (PAN Biotech, Aidenbach, Germany) and exposed to MMC at final concentrations of 0, 10, 50 or 100 ng/ml for 36 h. Metaphase preparation followed standard procedures. A minimum of 50 complete metaphases from Giemsa-stained slides for either mouse strain and each MMC concentration were scored regarding chromosome breakage rates. 26 Parallel cultures of MEFs were left untreated or exposed to 10 ng/ml MMC for 48 h, harvested and stained in medium containing 15 mg/ml Hoechst dye 33342 (Molecular Probes, Invitrogen). We gated on vital cells via propidium iodide exclusion. Split samples were stained with 1 mg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes), univariate flow histograms recorded on an LSRII flow cytometer (Becton Dickinson, Heidelberg, Germany), and cell cycle distributions quantified using the MPLUS AV software package (Phoenix Flow Systems, San Diego, CA, USA). 26 For assessment of the S-phase index, BALB/c-Trp53 þ / À and C57BL/6-Trp53 þ / À MEFs were labeled 1 h with BrdU by use of the FITC BrdU Flow Kit (BD Pharmingen, Heidelberg, Germany) according to the instructions of the manufacturer.
